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atoms            bonds            molecules             nanoparticles        2D and 3D structures     proteins

Global propertiesLocal properties

Total energy DipolesElectron densityOrbital energies

Reactivity Band gap Transport
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Atomic 
energy

Electron excitation

Complexity

Coarse Atomistic Scale: Chemist’s Perspective

• local and global properties – core of the chemical mindset and vocabulary
• analysis: ∑ local contributions≈ global property; and vice versa



4

Bulk

Mesoscale

Orbitals

Optical response

Crystal

Wavefunction

Devices

Emitter

Structure

Properties

Reactivity

ℎ𝑣𝑣

Energy

Charge
Dipole

phase
diagram

Chemical Discovery



5

er
ro

r tight-binding

DFT

CCSD(T) 

log cost

𝒪𝒪(𝑛𝑛7)

𝒪𝒪(𝑛𝑛2) − 𝒪𝒪(𝑛𝑛3)

𝒪𝒪(𝑛𝑛) − 𝒪𝒪(𝑛𝑛2)

exact solution

∼ exp(𝑛𝑛)

machine 
learning

classical
𝒪𝒪(𝑛𝑛)

Chemical Discovery on Different Scales

proteins
106-109 atoms

molecules
10-103

H2O

chemical bondingreduced QM + ML

Presenter Notes
Presentation Notes

Reason to join LANL – uniqly positioned and have expertise and many intersecting areas

Chemical bonds – poor descriptors
Hard to generate lots of data
Requires manual labor and a lot of expertise
Hence, no high-troughput search
Realistic MD is rarely possible
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single 2e-2c                                                                                          delocalized over all atoms: 2e-nc bonds

delocalization

NaBH3
―                              B2Al3 ―                                                          Au cages                              B4X2 monolayers                       interlocked C18 rings

Presenter Notes
Presentation Notes

Reason to join LANL – uniqly positioned and have expertise and many intersecting areas

Chemical bonds – poor descriptors
Hard to generate lots of data
Requires manual labor and a lot of expertise
Hence, no high-troughput search
Realistic MD is rarely possible
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Forcing Electron Where It Doesn’t Belong

Classic example
H3N : + �BH3   →  H3N→BH3 
(donor)          (acceptor)

some transition metals function as Lewis bases (donors)

Electron transfer is ubiquitous: 

�

• solvation 
• catalytic reactions
• biochemical systems

Can alkali metals (Na) react as Lewis bases?  

 Na always tends to become Na+

 Na― would be a donor
 we need a pair X that avoids electron even more than Na
 electron affinities:

Na      0.54 eV
BH3 0.38 eV

in water:
2Na + 2H+ → 2Na+ + H2 + energy! 

Na― → �X 

Na― → �X    or    Na-X ―  ? 
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Synergy of Theory and Experiment

synthesis of anionic 
cluster – laser 
vaporization

experimental mass- 
and photoelectron 

spectra
computational PES 

exploration
global minimum 

identification based on 
VDEs

bonding analysis

vertical detachment energy (VDE), eVmass, amu

NaBH3
-

singlet
triplet

kcal/mol kcal/mol

direct Na-B bond

experiment by K. Bowen (Johns Hopkins University)
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Want to Understand the Bond? Break It! 
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From IUPAC Gold Book:

“The distinctive feature of dative bonds is that their 
minimum-energy rupture in the gas phase or 
in inert solvent follows the heterolytic bond 
cleavage path.” 

Electron affinities:

 Na    0.54 eV
 BH3    0.38 eV

potential energy
atomic charge on Na atom 

r

G. Liu, Fedik N., C. Martinez-Martinez, S. Ciborowski, X. Zhang, A. I.  
Boldyrev, K. Bowen, Angewandte Chemie, 2019, 58, 13789-13793 
(VIP article)

High-impact in community:
25+ follow-up papers
broad discussion on dative bond
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delocalization

NaBH3
―                              B2Al3 ―                                                          Au cages                              B4X2 monolayers                       interlocked C18 rings
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Exotic Topologies of Carbon
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 very expensive synthetic effort
 ring topologies are very rare
 new candidate, cyclo[18]carbon,  was synthesized in 2019 
Kaiser et all,  Science, 2019, 365, 299-1301

my idea: can we mechanically interlock the rings? 
 

host-guest systems    molecular machines

7.5 Å +

cyclo[18]carbon

?

catenane
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Mechanical Bond?

interlocked ringssingle ring

mechanical bond  - no chemical bonds between rings



13

Escaping Kinetic Trap
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 rotational barrier < 1 kcal/mol
 room temperature molecular gear

N. Fedik, M. Kulichenko,D. Steglenko, Alexander I. Boldyrev
Chem. Commun, 2020, 56, 2711-2714.

olympic rings?
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Chemical Discovery on Different Scales

H2O

chemical bondingreduced QM + ML

 chemicals bonds – fundamental building blocks 
defining properties/functionality

 require accurate electronic structure
 more realistic computations are too expensive

Presenter Notes
Presentation Notes

Reason to join LANL – uniqly positioned and have expertise and many intersecting areas

Chemical bonds – poor descriptors
Hard to generate lots of data
Requires manual labor and a lot of expertise
Hence, no high-troughput search
Realistic MD is rarely possible




• ML establishes structure⇔property relationship 
• “surrogate” models – no electronic structure

Learning Chemical Properties without Electronic Structure
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Properties

Descriptors
X

Labels
Y

Raw data

Training set

Extensibility
(larger structures)Neural Network

Structures

Transferability
(other molecular classes 
and chemical properties) 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 1
𝑁𝑁
∑𝑖𝑖=1𝑁𝑁 (𝑌𝑌𝑖𝑖 − 𝑌𝑌𝑖𝑖ref)2

• training = minimization of the error: ∆(𝑌𝑌 − 𝑌𝑌𝑟𝑟𝑟𝑟𝑟𝑟)
• loss function (e.g., RMSE) tracks error

N. Fedik, R. Zubatyuk, M. Kulichenko, N. Lubbers, J. Smith, B. Nebgen, R. Messerly, Y. W. Li, 
A. Boldyrev, K. Barros, O. Isayev, S. Tretiak. 2022, Nature Reviews Chemistry, 6, 653-672
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Spatial Locality and Message-Passing

neighbors of 
neighbors

𝑃𝑃ref ≈  𝑃𝑃 =  �
𝑖𝑖=1

𝑁𝑁atoms
𝑃𝑃𝑖𝑖

• 𝑃𝑃𝑖𝑖 is a learnable quantity

Local decomposition ansatz:

radial + angular information

immediate 
neighbors

cut-off radius
• locality is both bless (linear scaling) and curse (no long-range 

effects)
• message-passing      propagates beyond radius and captures

radial and angular information of distant atoms
• 2-passes are almost always enough for molecules

atomic 
numbers

HIP-NN architecture
N. Lubbers, K. Barros, J. Smith, J. 
Chem. Phys. 148, 241715 (2018)



Why Bonds Matter in ML
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charges

spin density

energy

dipoles

rotational profile of isoindigo
E, 

kc
al

/m
ol

off-equilibrium

pi bond breaking

• ML potentials often fail near reactive 
regions (no electrons, datasets lack rare 
events)

• keeping QM would naturally describe off-
equilibrium phenomena
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PYSEQM: Electronic Structure improved by ML

𝑃𝑃𝑖𝑖 = 𝑃𝑃𝑖𝑖
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + �

𝑛𝑛

𝑃𝑃𝑖𝑖𝑛𝑛 = 𝑃𝑃𝑖𝑖
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + �

𝑛𝑛

�
𝑎𝑎

𝑤𝑤𝑎𝑎𝑛𝑛 𝑧𝑧𝑖𝑖,𝑎𝑎𝑛𝑛 + 𝐵𝐵𝑛𝑛

• PYSEQM: Pytorch Semiempirical Quantum Mechanics
• differentiable physics model – all gradients are available
• only 60k datapoints – physics is already there!  
• interatomic potentials often require ~500k and more points
• highly transferable and extensible 

C

di
st

rib
ut

ion

N

-47.5       -47.0       -46.5        -46.0
Upp, eV

all single
one double
one triple

G. Zhou et al, Deep learning of dynamically responsive chemical Hamiltonians with semiempirical 
quantum mechanics, PNAS, 2022, 119 (27) e2120333119

original:  parameters depend only on atom type PYSEQM: 
parameters depend on atom type + neighbors 
awareness of chemical bonding

high-temperature molecular dynamics

original SEQM
ML
PYSEQM + ML
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SCF – reduced Hamiltonians

geometry optimization

orbital energies
atomic charges

multipole moments Davidson eigensolver

CIS: single excitations Born-Oppenheimer 
dynamics (BOMD)

thermostats

extended Lagrangian 
BOMD + variants

non-adiabatic molecular 
dynamics

Ehrenfest dynamics
surface hopping

ab-initio multiple cloning

machine learning

done in progress

ℎ𝑣𝑣

Developers:
• Maksim Kulichenko
• Nikita Fedik
• Guoqing Zhou
• Ben Nebgen
• Nicholas Lubbers
• Kipton Barros
• Walter Malone
• Anders Niklasson
• Yu Zhan
• Xinyang Li
• Sergei Tretiak

Features:
• modular architecture
• Pytorch backend
• automatic differentiation
• direct interface to ML
• batch GPU execution

Codes
https://github.com/lanl/PYSEQM
https://github.com/lanl/hippynn
https://github.com/lanl/NEXMD

PYSEQM: Modular Architecture

in future

TDHF 

open-shell treatment

https://github.com/lanl/hippynn
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Beyond Ground State 

hν

• ground state can only describe small fraction of chemistry
• simple model: CIS accounts for single excitations

occ

virt

7.914  
8.583   8.583   8.583 
10.087  10.087  10.087

PYSEQM, CIS-PM3    |    excitation energies in eV 

2.84655 
3.05412 
3.39660
3.53378

agrees with NEXMD and 
ORCA within 0.1%
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xx

GPU memory limit 
(16 GB)

A V

VT M

• excited state Hamiltonian (CIS) scales as ~ (Nocc x Nvirt)2

• trick is to never build CIS matrix in full -  only projection in Krylov subspace using 
Davidson algorithm

Davidson algorithm
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Outlook

photoreactionsreactive and rare events nanomaterials

Synergy of Semiempirical Models and Machine Learning in Computational Chemistry
N. Fedik, B. Nebgen, N. Lubbers, K. Barros , M. Kulichenko, Y. W. Li, R. Zubatyuk, R. Messerly, O. 
Isayev, S. Tretiak. 2023, Journal of Chemical Physics (in press) 

structure/bonding awareness



NaBH3
- - Alternative Views
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covalent bond
(electron-sharing)

Na       BH3
―

Na        BH3
―

spin-polarized bond

2c-1e bond

electrostatic       +      2c-1e bond S. Radenkovic, S. S. 
Shaik, B. Braïda
Angew. Chem. Int. Ed. 
2021, 60, 12723–
12726

R. Pino-Rios, D. 
Inostroza, W. Tiznado
Angew. Chem. Int. Ed. 
2021, 60, 12747–12753

P. Salvador, D. E. Vos, 
I. Corral, D. M. 
Andrada
Angew. Chem. Int. Ed. 
2021, 60, 1498–1502

S. Pan, G. Frenking 
Angew. Chem. Int. 
Ed. 2020, 59, 8756-
8759

All interpretations agree that at large distances Na―B interaction is dative (dissociates into Na- and BH3)
Discrepancies at the equilibrium are related to:
• Radical character of the wave function
• Pure semantics: all covalent bonds are electron-sharing at equilibrium. This does not exclude 

formation via dative mechanism. 

Presenter Notes
Presentation Notes
Surprisingly, our publication triggered huge debates in the community. A majority of the interpretations totally agree with the dative mechanism of bond formation but elaborates on the character of the bond at the equilibrium geometry. Rhese different views spans from typical covalent bond electron sharing to exotic one electron bonds. In some the complexity associated with a radical character of the wave function here. But some times it's purely semantic discrepancy emphasizing that bonding paradigms are not settled even after a century of the continues development. 



Bonding in multireference cases is not easily accessible and needs community effort
Dative – special type of covalent bond. 
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Pan and Frenking, DFT
upon separation, Na charge is partial

our description of wave function – CASSCF and UCCSD(T)
Na charge is -1

NH3:→□H+                      

NH4
+ 

all bond are equal and electron-sharing 
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